While cryo-EM now produces very exciting biological results by enabling the determination of atomic-resolution macromolecular structures 1 , the outcome is still quite far from what physics would allow. Ultimately, the amount of image contrast (signal) that a particle can produce is limited by its size and by the values of its atomic scattering factors. At the same time, the images have an irreducible level of noise, determined by the limited electron exposure that is tolerated before radiation damage becomes too severe. Two decades ago, Henderson used these known limitations to estimate that structures could be determined at ~3-Å resolution by merging data from images of as few as ~12,000 particles, and this could be done for particles as small as ~40 kDa (ref. 2) . The criterion he used for what signal-tonoise ratio is required may have been too conservative, and an even more optimistic outlook now seems justified 3, 4 . However, the current practice of cryo-EM still falls short of these physical limits by a factor of 3 or 4, relative to even the more conservative of those estimates. This is good news, of course, as it indicates that significant improvements should still be coming in the years ahead, some of which I discuss here.
Sample preparation challenges
The ideal sample thickness for singleparticle cryo-EM is less than 100 nm (to avoid having the transmitted electrons be scattered multiple times) but not less than the size of the particle itself, typically 10-30 nm. Preparation of such thin samples is currently achieved by placing a few microliters of the specimen onto a hydrophilic EM grid and blotting away >99.9% of that with filter paper. The grid is then plunged into a bath of cryogen in order to vitrify the buffer and thus preserve the macromolecular structure within the vacuum of the electron microscope. A key requirement is that particles must adopt a random distribution of orientations (poses) so that a three-dimensional (3D) density map can be recovered when data from many projection images are merged.
In the brief instant between blotting and freezing, however, Brownian motion causes the particles to collide many times with the freshly created air-water interface 5 . One of the remaining challenges in cryo-EM specimen preparation is that some types of particle are prone to stick to this air-water interface in a preferred orientation, while others may become partially or even completely denatured at such interfaces.
Preparing structurally homogeneous specimens is often a major challenge. Because data must be merged ('averaged') from images of many particles to generate a 3D reconstruction, it goes without saying that the particles must be structurally homogenous in order for high resolutions to be achieved. Unfortunately, it is still rare to prepare cryosamples in which the particles are structurally identical, especially at high resolution. In some cases, the structural heterogeneity expect that more subtle differences might become more easily discerned within a mixture of conformational states. Several technical improvements are likely to have a big impact for biology.
Better cameras. A further, twofold improvement in the performance of directdetection electron cameras is eminently universal solution exists, however, additional work is still very much needed to improve the methods for preparing cryo-grids.
On the other hand, functional heterogeneity also can be a bonus. It is not a surprise that multiple structural states, differing in conformation and even in composition, might be present in solution and thus in a cryo-EM specimen 11 . In principle, one of the benefits of cryo-EM, as a single-particle technique, is that these functional states may be distinguished, but doing so can still represent a major challenge.
When the number of functional states is small, and the structural differences between them are large enough, software can be used to assign single-particle images to one or another of those states. In effect, software is used to perform the final stage of sample purification, in silico. The three-dimensional classification tool in the RELION software 12 , for example, has proven to be especially powerful for sorting particles into structurally more homogeneous subsets. Images from a single EM grid can thus provide the data needed to visualize many of the structural changes that occur as a molecular machine executes its complete, functional cycle. What still is lacking, however, is a theoretical analysis of how large such structural differences must be in order for them to be distinguishable.
But even as capabilities such as these have grown, so has their cost. Scheres, for example, has been quoted 13 as estimating the cryo-EM-related computing costs at the Laboratory of Molecular Biology in Cambridge (UK) to currently run close to ₤1,000 a day. Thus, there is a great need to improve not just the scientific capabilities but also the cost-effectiveness of the computational aspects of cryo-EM.
Further instrumental improvements could happen quite soon
As the available hardware and software continue to advance, the biological usefulness of cryo-EM will surely continue to grow. Not only might smaller macromolecules, currently thought to be out of reach for this method, begin to fall within the domain of high-resolution cryo-EM, but, similarly, I 
BOX 1 CAN WE EXPECT 2-Å RESOLUTIONS TO BECOME ROUTINE?
Even if the resolution is not high enough to build an atomic model of a structure, results produced by single-particle cryo-EM can often be biologically informative and exciting. For example, if the resolution is limited by the flexibility and inherent structural heterogeneity of a particle, even a moderate-resolution structure may be of great interest. Nevertheless, it is natural to ask what the prospects are for producing density maps at very high resolution. Modern electron microscopes routinely produce images at a resolution much better than 2 Å. As a result, it would be quite easy to view single macromolecular particles in atomic detail, were it not for the fact that high-energy electrons quickly damage biological macromolecules 19, 24 . It thus is necessary to merge data from images of many structurally identical particles, each image being recorded with a low (safe) exposure.
As long as the particles are structurally homogeneous, structure determination at a resolution of 2 Å or better may well become routine. A twofold improvement in camera performance will certainly help make this a reality. Robust and user-friendly phase plates will also be a major asset, as they will allow high-contrast images to be recorded in a close-to-focus condition. Some amount of underfocus will no doubt still be useful, however, to serve as a hedge against mixing both underfocused and overfocused images into the same data set. Even so, there will be only a few oscillations of the contrast transfer function (CTF) to account for. In this case, spherical aberration is actually our friend, and not the enemy it was so long thought to be, since it acts to counteract the wave-front aberration caused by defocus! A new problem will have to be dealt with as resolution improves, however. This is the fact that when the specimen thickness is greater than the depth of focus for a given resolution, high-resolution features can no longer be interpreted as simple projections of the structure 25 . As a result, the familiar model for recovery of structure factors from the Fourier transforms of images is no longer valid. It remains to be seen whether an iterative computational solution 26, 27 can resolve this problem. Failing that, it may be necessary to simply block half of the scattered wave, at least at high resolution 28 , or even better, use much-higher-energy electrons 29 , perhaps 5-10 times more energetic than those we use now. npg because unstained, thin specimens are effectively transparent to high-energy electrons. Just as used to be the case when imaging unstained biological material in the light microscope, the only choice that one currently has is to intentionally defocus the image so as to generate some contrast from the variations in the phase of the transmitted-electron wave, as opposed to its amplitude. Working with the light microscope, Zernike discovered that, rather than defocusing the image, a much better approach is to use a 'quarter-wave' plate to shift the phases of scattered light by 90 degrees relative to the phase of the unscattered light 14 . Although proposals for ways to achieve the same thing in the electron microscope were published as early as 1947 (ref. 15) , practical implementation of such ideas has proved to be difficult. The latest such development, however, referred to as a Volta phase plate 16 , has finally succeeded in creating a device that can be used for data collection. As is illustrated in Figure 1 , this Volta phase plate results in a dramatic improvement in contrast relative to that in images defocused in the traditional way. In principle, as much as a further twofold increase in the contrast of low-resolution features should be possible, if in-focus phase-contrast technology can be brought even closer to perfection.
Other possible improvements. The methods of motion compensation currently in use (see the accompanying Commentary 1 ) are still ineffective in capturing the highest-resolution data during the earliest part of an exposure 17 . Overcoming that problem is a challenge of major importance feasible. (For a brief introduction to such cameras, see Box 1 in the Commentary by Nogales, p24 1 .) The payoff from making such an improvement might be just as great as when the first round of such cameras was introduced. One way to realize this improvement would be to make the pixel size at least 10 µm on an edge and to convert each electron event into a unit-magnitude, digital count. At present, the FEI Falcon camera uses a 14-µm pixel size, whereas the Gatan K2 camera, with 5-µm pixels, converts the electron events into counts. If these two features were combined, the resulting signal-to-noise ratio (SNR) in the camera output would finally come close to the irreducible 'shotnoise' limit, which is due to the random (Poisson) distribution of incident electrons in the image itself. At that point, only incremental further improvements in SNR would be possible. Although a fourfold increase in the number of pixels per image, to enlarge the field of view, would also be very welcome, it is not known whether that is really feasible if the pixel size is as large as it needs to be.
In-focus phase contrast. There is very little 'amplitude' contrast in cryo-EM images,

BOX 2 CAN THE HIPPIES SAVE TRUE "SINGLE-PARTICLE ELECTRON MICROSCOPY"?
The playful allusion made here is to the title of a recent book 30 , which chronicles the role of the Fundamental Fysiks Group in putting "entanglement" and "quantum information science" into the mainstream of modern physics. The underlying, serious question being asked, however, is whether making use of the sometimes counterintuitive wave-mechanical properties of electrons can yet save the dream of imaging individual macromolecules with little to no damage. At present, what we now call 'single-particle cryo-EM' does not use just a single particle, of course, but rather uses a large ensemble of them to solve a macromolecular structure.
Electron microscopists naturally invoke the wave nature of electrons in order to explain image formation. Indeed, the idea of improving image contrast by using a quarter-wave plate (Fig. 1) can only be understood in terms of the wave nature of electrons. In principle, however, there may be additional advantages to be gained by thinking, in unconventional ways, about how images might be recorded.
One potential scheme, for example, involves "interaction-free measurement" [31] [32] [33] , which uses an interferometer to detect whether an absorbing object is present. Although this is a step in the right direction, it cannot be a complete solution for unstained cryo-EM specimens, because achieving truly interaction-free measurement is not possible unless the object is completely opaque 34 .
Another scheme might be to employ measurements in which the noise, for an exposure of N electrons per pixel, approaches the Heisenberg limit, in which the ratio of noise to signal scales as 1 N as opposed to 1 . Two theoretical schemes for achieving this have been proposed recently by Okamoto 35, 36 . From a classical-physics point of view, the limitations imposed by radiation damage seem to be completely insurmountable. But until only a few years ago, so too did the (far-field) diffraction limitation to resolution in the light microscope. (For more about this, see https://en.wikipedia.org/wiki/Super-resolution_microscopy.) Volkmann's translation 37 of something that Ernst Abbé wrote in 1878 thus seems worth paraphrasing here: "Perhaps the human mind may yet find a way to overcome the limitations which now seem so insurmountable to us." to catch mistakes before one goes too far, and there are easy ways to avoid model-dependent bias, often the source of mistakes that were made in the past.
Conclusions
If you have been following the field of single-particle cryo-EM with interest for the past 3 years, you will love what is still to come. There can be no doubt that all aspects of the work will become more automated and routine, now that the reasons to do so are greater than ever before. If just one area had to be singled out as in need of the most improvement, however, I would identify the requirement for completely reliable preparation of cryo-samples. Finally, I want to close with the obvious remark that published work must be reproducible in order to be of use to others. Many areas of science are now calling for full transparency and data sharing as a way to make it possible to test the reproducibility of a result, and the field of cryo-EM is firmly among them. It can be said in jest that scientists would rather share their toothbrush than their data with others. When reproducibility is on the line, however, full disclosure is essential. Indeed, what better way is there to show that you stand behind the results and have nothing to hide! because the highest-resolution features are also the earliest to disappear as a result of radiation damage.
There is reason to expect that a combination of hardware and software improvements described above may make it possible to obtain high-resolution cryo-EM structures from proteins as small as the iconic ~64 kDa hemoglobin molecule. Is also seems likely that density maps may routinely reach a resolution in the neighborhood of 2 Å, as has already been accomplished for bgalactosidase 18 . Perhaps surprising to many, however, I feel that the correction of spherical aberration, once thought to be so necessary, may play no significant role in making this happen. On the other hand, as I explain in Box 1, the depth of focus can become smaller than the size of the particle as the resolution improves, and-as a result-the high-resolution features of the images will no longer represent a simple projection of the structure.
The dream of obtaining atomic-resolution images of individual protein molecules, and even doing so in liquid buffer, seems to be precluded by the 'dark side' of electrons, that is inelastic scattering and consequent radiation damage 19 . But is the dream really precluded by physics? As I point out in Box 2, the wave properties of electrons confer some theoretical possibilities for measurement schemes that we are not yet using to our advantage. How far these ideas can take us in the direction of realizing the dream remains still to be defined.
Wider access and better training are needed
Experimental access to existing, high-end cryo-EM equipment is severely limited at present. The high cost of purchasing and maintaining additional instruments makes it unlikely that access will be able to keep up with the growth in demand anytime soon. A sensible solution would be to establish, as soon as possible, dedicated facilities whose mission is to support users who need only to bring their samples to the facilities, or who can even send in their grids and monitor data collection remotely. Indeed, a number of such facilities already exist (Table 1) , and these can serve as models of how to best meet the need for further growth of the field.
In addition, learning how to do highresolution cryo-EM is currently not as easy as it might be. The field is still evolving rapidly, and standard methods that would be as user-friendly as those for X-ray crystallography are not as fully developed. Although many review articles on the topic have appeared recently, there still are relatively few books [20] [21] [22] [23] that new users might consult as they get up to speed. As a result, most training occurs by absorbing information from senior members in an experienced group. Such training can vary widely, and the danger is that wasteful and embarrassing mistakes can be made.
Even experienced practitioners of cryo-EM must not fail to vigilantly ask themselves whether their results are correct. Fortunately, as is explained in Box 3, there are good ways
BOX 3 BUT ARE THE STRUCTURES CORRECT?
Researchers entering the field of cryo-EM need to be sensitive to how important it is to really know what they are doing. Numerous mistakes were made in the past as the field was finding its way. Similar mistakes are inexcusable now, however, since a variety of methods have been developed to catch them before the work has gone too far. A recent perspective 38 can be used as an invaluable primer by novices and experts alike to avoid such pitfalls.
Overfitting the 3D model to noise once was an all-too-easy trap to fall into. The now-common use of two completely independent reconstructions reduces the extent to which overfitting can lead to a too-optimistic estimate of resolution, and it thus is the only acceptable way to evaluate the Fourier shell correlation (FSC) curve. In addition, the intentional substitution of noise for data (above a given resolution) provides an unambiguous test for overfitting of the model 39 .
The progressive emergence of known structural features such as the pitch of helices, the separation of b-strands and the side-chain densities serves as a necessary, but not sufficient, test of the validity of a map. More convincing is the recovery of a previously known high-resolution structure of a subunit within a macromolecular complex. An appealing general extension of that approach is to add a monoclonal Fab molecule 40 , not only as an 'alignment handle' or 'fiducial' but also to validate the reconstruction.
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